ABSTRACT: The lack of robust methods for culturing Cryptosporidium parasites remains a major challenge and is hampering efforts to screen for anti-cryptosporidial drugs. In existing culture methods, monolayers of mammalian epithelial cells are inoculated with oocysts. The system supports an initial phase of asexual proliferation of the parasite. For reasons that are not clear, development rapidly declines within 2-3 days. The unexpected report of Cryptosporidium parvum culture in the absence of host cells, and the failure of others to reproduce the method, prompted us to apply quantitative PCR to measure changes in C. parvum DNA levels in cell-free cultures, and parasite-specific antibodies to identify different life cycle stages. Based on this approach, which has not been applied previously to analyze C. parvum growth in cell-free culture, we found that the concentration of C. parvum DNA increased by about 5-fold over 5 days of culture. Immuno-labeling of cultured organisms revealed morphologically distinct stages, only some of which reacted with Cryptosporidium-specific monoclonal antibodies. These observations are indicative of a modest proliferation of C. parvum in cell-free culture.
Cryptosporidium parvum (Apicomplexa) is one of the most common agents for cryptosporidiosis, an intestinal infection typically associated with transient diarrhea in humans and ruminants (Guerrant, 1997; . The parasite completes its life cycle in a single host and is transmitted via environmentally resistant oocysts. Asexual multiplication takes place in the intestinal epithelium.
Although the first report of successful culture of C. parvum in monolayers of epithelial cells dates back 25 yr (Current and Haynes, 1984) , existing methods are limited by the transient nature of parasite multiplication. Only small numbers of C. parvum oocysts are produced in some cell lines, including Caco-2 (human colon adenocarcinoma), MDBK (bovine kidney), and HCT-8 cells (human ileocecal adenocarcinoma) (Buraud et al., 1991; Villacorta et al., 1996; Hijjawi et al., 2001) , and primary cell culture (Yang et al., 1996) . Work in this laboratory, and by others, has shown that many cells infected with C. parvum are released from the monolayer and undergo apoptosis (Griffiths et al., 1994; Chen et al., 1998; Ojcius et al., 1999; Widmer et al., 2000) . Improving cell anchorage only marginally increases the density of infected monolayer cells and does not extend parasite survival.
Because most of the C. parvum life cycle takes place within the host cell, the report of extracellular development of C. parvum parasites (Hijjawi et al., 2004) was unexpected. Some authors observed new parasite forms in cell-free culture (Rosales et al., 2005; Thompson et al., 2005; Karanis et al., 2008) . Supported by phylogenetic analyses of diagnostic DNA sequences (Carreno et al., 1999; Barta and Thompson, 2006) , these observations were interpreted as consistent with the proposed classification of the genus Cryptosporidium in the apicomplexan class Gregarinia. However, reports on cell-free culture have remained controversial (Girouard et al., 2006; Woods and Upton, 2007) . We used DNA quantification to assess C. parvum proliferation in cell-free culture. Consistent with C. parvum extracellular development, we observed a limited, but measurable, increase in DNA concentration during culture. Immunofluorescence analysis was consistent with the emergence of morphologically and antigenically distinct parasite forms.
For immunofluorescence analysis, oocysts purified from feces of experimentally infected animals were surface sterilized in 0.5% sodium hypochloride for 5 min on ice and washed 3 times in PBS. Doses of 6 3 10 6 to 6 3 10 7 oocysts were split into 2 equal portions: an experimental sample and a heat-inactivated control. To induce excystation, oocyst suspensions were incubated at 37 C for 60 min in PBS supplemented with 0.8% taurocholic acid. The control was heat-inactivated at 85 C for 15 min (Fayer, 1994) . Live and inactivated samples were then inoculated into 12 ml DMEM medium (Dulbecco's modified eagle's medium, Sigma, St. Louis, Missouri) supplemented with 5-10% heat-inactivated fetal bovine serum (FBS) and 5% normal goat serum (NGS), 50 U/ml penicillin, and 50 mg/ml streptomycin (Cellgro, Manassas, Virginia) in 10-cm diameter Petri dishes. In some experiments, parasites were labeled with 1 mM of the carbocyanine membrane dye DiI (Invitrogen/Molecular Probes Vybrant CM-DiI cell-labeling solution, Carlsbad, California) ( Table I ). Plates were incubated in a humidified incubator at 37 C, 5% CO 2 . The cultures were observed daily, and those with visible bacterial or fungal contamination were discarded. As expected when incubating oocysts extracted from feces, contamination was observed in about 10% of the cultures.
Cultured parasites were harvested by centrifugation (5,000 g) after various periods of culture as indicated in Figure 1 . Pellets were washed in PBS, fixed in 100% methanol for 15 min at room temperature, and dried onto 3-well Teflon slides (Meridian Diagnostics, Cincinnati, Ohio). Slides were blocked with 50 ml/well of 1% normal goat serum for 30 min at room temperature. Samples were then reacted with primary antibody (monoclonal or polyclonal) for 30 min at room temperature. Both monoclonal antibodies react with the sporozoites and the intracellular stages of C. parvum. The immunoblot profile of each antibody against different C. parvum isolates is identical. Both antibodies react with periodate-sensitive carbohydrate epitopes that are shared by different parasite antigens. The monoclonal 4H6 reacts with antigens of 70, 78, 300, and 900 kDa; monoclonal 2E5 reacts with the antigens of 40, 300, and 900 kDa. The polyclonal antibody is reactive against C. parvum oocysts and sporozoites. Subsequently, slides were washed 3 times with PBS and incubated with a 1/ 2,000 dilution of Alexa 488 conjugated secondary antibody (Invitrogen/ Molecular Probes, Carlsbad, California; goat anti-rabbit or goat antimouse). Slides were again washed 3 times with PBS and covered with mounting medium and a cover slip. An irrelevant monoclonal antibody was included in parallel slides to confirm specificity of labeling. Images were captured with a 3100 oil immersion objective mounted on an Olympus BX40 epifluorescent microscope fitted with a Nikon Coolpix 995 digital camera. DiI labeling and immunofluorescence were not applied to samples used for real-time PCR analysis.
For quantitative PCR analysis, oocysts of C. parvum from experimentally infected calves were surface sterilized as described above. Doses of 9 3 10 6 to 9 3 10 7 oocysts were split into 3 equal groups and randomly assigned to the experimental sample, the uncultured control, and the heatinactivated control. Each treatment was run in triplicate for a total of 9 samples per experiment. The experimental samples and heat-inactivated controls were incubated at 37 C for 60 min in 0.8% taurocholic acid to induce excystation. The experimental sample was then inoculated into 12 ml of media (Table I ). The heat-inactivated control was inactivated at 85 C for 15 min and inoculated into media as the experimental samples. Oocyst samples assigned to the uncultured controls were stored at 4 C for the duration of the experiment. To exclude the possibility that DNA recovery from the uncultured oocyst samples may be less efficient, uncultured oocyst suspensions were exposed to excystation condition prior to DNA extraction. This uncultured control thus represents the true experimental baseline, which was subjected to the identical treatment as the experimental culture, except that it was not incubated at 37 C in medium. Cultures (live and heat-inactivated) were incubated at 37 C, 5% CO 2 for 5 days to induce parasite proliferation, while the uncultured control was kept at 4 C.
Following a 5-day incubation period, the uncultured control samples (triplicates) were exposed to the same excystation conditions in 0.8% taurocholic acid as described above. The 3 replicate experimental and heat-inactivated cultures were harvested by centrifugation at 5,000 g and washed in PBS. DNA was then extracted from all 3 treatment groups (3 3 3 5 9 samples) in parallel using the HighPure PCR kit (Roche Diagnostics, Indianapolis, Indiana). DNA was eluted in 100 ml elution buffer. A portion of 5 ml of DNA was real-time PCR amplified in a LightCycler instrument (Roche Diagnostics) using primers specific for the C. parvum glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (forward primer AACAAACTGTCTTGCTCCTT; reverse primer TTGCCACCCTTGCTTG). Because the cultures contain bovine serum, we verified that the primer sequences did not occur in bovine genomic DOI: 10.1645/GE-2052.1 sequence available in GenBank. Amplification curves and crossing points were acquired with LightCycler 3 data analysis software (Roche Diagnostics). A GAPDH standard curve was constructed using 7 triplicates of genomic DNA serially diluted at a 1:4 ratio. Two experiments (6, 7) were also analyzed using the C. parvum MSG minisatellite PCR assay (Tanriverdi et al., 2006) to ensure that the results were independent of the PCR assay and to confirm the genotype of the cultured samples. The primers for the MSG amplicon were TGGAATGATAATTGGACC and GGAGTTTCTGAGACAC. Figure 1 shows matched fluorescent and visible light micrographs of cellular precipitate recovered from culture medium at 10 and 37 days postinoculation. Life cycle stages which were clearly different from the oocysts and sporozoites added to the medium. The parasite preparations were labeled with a polyclonal antibody (Theodos et al., 1998) , which recognizes all C. parvum life cycle stages (Fig. 1A) , including the oocyst wall, as well as monoclonal antibodies that do not recognize the oocyst wall, but bind to sporozoites and intracellular stages (Fig. 1C, E) . In some experiments, the lipophylic dye DiI was used as a counterstain (Fig. 1C,  E) . The fact that the 2 monoclonals (4H6, panel C, and 2E5 [1E]) did not bind to oocyst walls, but reacted strongly with other stages as well as with some antigen remaining inside the oocysts, is consistent with the labeling being specific and with C. parvum development taking place. The absence of labeled oocyst walls in Figure 1C , E is consistent with the previous characterization of these monoclonals, which showed no reactivity with the oocyst wall (A. S. Sheoran, unpubl. obs.) . To ensure that antibody binding was specific, parallel samples were labeled with isotype control antibodies. As a control for 2E5, an IgG monoclonal specific for Encephalitozoon intestinalis was used, whereas the control for 4H6 was an IgM specific for Enterocytozoon bieneusi spores (Sheoran et al., 2005) . No immunofluorescence was observed in samples labeled with these antibodies (data not shown).
Eight independent culture experiments, each conducted at different times and in triplicate, were performed and analyzed by real-time quantitative PCR (Fig. 2, Table I ). DNA concentration was estimated using the PCR crossing point, defined as the number of temperature cycles needed to reach a pre-determined fluorescence threshold. The relative crossing points observed with the C. parvum GAPDH PCR assay were normalized against the experimental sample, which was set equal 100%. By definition, crossing point and DNA concentration are inversely correlated. As shown in Figure 2 , in 7 of 8 experiments, the concentration of C. parvum DNA was highest in the live culture as compared to the uncultured and heat-inactivated controls. The only exception was experiment 4, where the DNA concentration in the uncultured control appeared to be the highest. This experiment is shown here because the relative crossing point value for this sample did not deviate sufficiently from the remaining 7 replicates to be considered an outlier (Dixon's test, P . 0.05; Grubb's test, P . 0.1). We observed that in the heat-inactivated controls the DNA concentration in 6 of 8 experiments was lower than in the uncultured oocysts control, which could be the result of DNA degradation during incubation of the inactivated cultures. However, the fact that in 7 of 8 replicates, the DNA concentration in the experimental sample exceeded that in the uncultured control argues for parasite replication in culture. Experiments 6 and 7 were also analyzed with a PCR assay specific for the MSG marker, which gave analogous results to the GAPDH PCR assay (data not shown). Mean MSG crossing point ranks were live , uncultured , heat-inactivated.
To assess the level of DNA replication during the 5-day culture period, GAPDH crossing points were converted to DNA concentration using the experimentally derived regression: Cycle Number 5 31.75 2 3.6 3 log FIGURE 1. Immunofluorescence and phase-contrast images of C. parvum cultured for 10 and 37 days. (A, B) Thirty-seven day culture stained with a polyclonal antibody (Theodos et al., 1998) . (C, D) Ten day culture stained with monoclonal antibody 4H6 and counterstained with DiI. (E, F) Ten day culture stained with monoclonal 2E5 and counterstained with DiI. Arrows indicate empty or partially empty oocyst shells. Note lack of immunolabeling of oocyst walls by monoclonal antibodies (C, E). Labeled putative proliferative stages are visible in A, C, and E. Orange fluorescence is from DiI used as counterstain. In analogy to Hijjawi et al. (2004) , spherical shapes with punctated labeling (C) were observed. Figure 2 . { Bovine C. parvum from Massachusetts. { Abrahamsen et al. (2004) . } FBS, fetal bovine serum; NGS, normal goat serum.
DNA concentration. Conversion of the mean crossing point difference between experimental cultures and heat-inactivated controls yielded an estimated 5.6-fold increase in C. parvum DNA concentration over a 5-day culture period. Because of the controversy surrounding reports of C. parvum proliferation in cell-free culture, we wanted to independently examine the ability of C. parvum multiplying in cell-free conditions. As discussed by Woods and Upton (2007) , parasite morphology is an unreliable indicator of parasite multiplication, particularly for a parasite that is extracted from feces and is potentially contaminated with other microorganisms. We used the most discriminating methods available to us, i.e., immunofluorescence and quantitative PCR. Although these methods are less likely to be affected by contaminants, we maximized the stringency of the analyses by using 3 antibody preparations and 2 PCR assays. Together, these methods indicate that the parasite multiplied in the medium.
With the generally accepted model of a C. parvum life cycle with 8 firstgeneration merozoites and 4 second-generation merozoites (Pohlenz et al., 1978) , an estimated duration of the asexual phase of the life cycle of about 4 days (Current and Haynes, 1984) , and exponential growth, the DNA concentration during the 5-day culture period should have increased by approximately 70-fold (32 1.25 ). We measured only a fraction of this ratio, indicating that parasite multiplication was far from optimal. Measurements of growth rates, as opposed to the current single-point experiments, may reveal whether the low rate of multiplication is due to the fact that only a minority of sporozoites in the inoculum actually develop, or whether a large number of parasites survived but multiplied inefficiently. If the latter is true, the annotation of the C. parvum and Cryptosporidium hominis genomes (Abrahamsen et al., 2004; Xu et al., 2004) and the inferred dependence of the intracellular parasite on host cell metabolites (Striepen et al., 2004) 
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FIGURE 2. Quantification of C. parvum in cell-free culture. DNA was extracted from 12 ml of 5-day-old cultures and C. parvum DNA quantified by amplifying a 129-bp fragment of the C. parvum GAPDH gene. Shown are normalized real-time PCR crossing points expressed as percentage of the experimental sample (black bars). Lower crossing point values convert to higher DNA concentration. Independently replicated culture experiments are numbered from 1 to 8 as in Table I . White bars (controls) represent cultures seeded with the same number of heat-inactivated oocysts. Gray bars represent real-time PCR results from equivalent numbers of uncultured, excysted oocysts. Error bars indicate SD (n 5 3).
